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1 These authors contributed equally to this work.The human DNA-dependent activator of IFN-regulatory factor (DAI) protein, which activates the
innate immune response in response to DNA, contains two tandem Z-DNA binding domains (Za
and Zb) at the NH2 terminus. The hZbDAI structure is similar to other Z-DNA binding proteins,
although it demonstrates an unusual Z-DNA recognition. We performed NMR experiments on com-
plexes of hZbDAI with DNA duplex, d(CGCGCG)2, at a variety of protein-to-DNA molar ratios. The
results suggest that hZbDAI binds to Z-DNA via an active-di B–Z transition mechanism, where two
hZbDAI proteins bind to B-DNA to form the hZbDAI–B-DNA complex; the B-DNA is subsequently con-
verted to left-handed Z-DNA. This novel mechanism of DNA binding and B–Z conversion is distinct
from Z-DNA binding of the human ADAR1 protein.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The innate immune response is an essential defense against
infections and is activated by germline-encoded receptors [1]. Nu-
cleic acids, either pathogen-derived or self-derived, activate the in-
nate immune response [2–4]. The human DNA-dependent
activator of IFN-regulatory factor (DAI; also known as ZBP1 or
DLM-1) is an activator of the innate immune response. The DAI
protein contains two tandem Z-DNA binding domains (Za and
Zb) at the NH2-terminus, as well as a third DNA binding region
(D3) that is located next to Zb [4,5]. The two Z-DNA binding do-
mains in addition to D3 are thought to be essential for sensing
DNA and are required for full activation of a DNA-dependent im-
mune response in vivo [5,6]. Previous studies have shown that Z-chemical Societies. Published by E
-regulatory factor; hZaADAR1,
yatapoxvirus E3L; mZaDAI, Za
of human DAI; CG6 duplex,
. Lee), +82 42 350 8120 (B.-S.
S. Choi), joonhwa@gnu.ac.krDNA binding domains regulate the localization of DAI and its asso-
ciation with stress granules [7,8].
Z-DNA binding domains are also found in the RNA editing en-
zyme, ADAR1, in vertebrates, the E3L protein of poxviruses, and
the ﬁsh PKZ protein kinase. The crystal structure of the Za domain
of human ADAR1 (hZaADAR1) in complex with Z-DNA shows that
two Za domains bind to each strand of double-stranded DNA and
have twofold symmetry with respect to the DNA helical axis [9].
The Za domains of the yatapoxviral E3L (yabZaE3L) and mouse
DLM-1 (mZaDLM-1) show sequence homology to hZaADAR1 and their
overall structures and interactions with Z-DNA are similar to hZaA-
DAR1 [10,11]. However, structural study with the Zb domain of hu-
man DAI (hZbDAI) in complex with Z-DNA [12] suggests that hZbDAI
shows unusual binding mode for Z-DNA recognition even though it
has a structure that is similar to other Z-DNA binding proteins. The
hZbDAI molecule shows hydrogen bond interactions with both
strands of the Z-DNA duplex [12], whereas one molecule of hZaA-
DAR1 interacts with only one strand in the Z-DNA duplex [9]. A pre-
vious NMR study assessed complex formation between hZaADAR1
and a 6-base-paired (6-bp) DNA duplex, d(CGCGCG)2 (referred to
as CG6, Fig. 1A), [13]; the results from this study suggest that there
was an active-mono B–Z transition (see Fig. 6) of the 6-bp DNA du-
plex. The author proposed a mechanism, where the hZaADAR1lsevier B.V. All rights reserved.
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Fig. 1. (A) The sequence contexts of the CG6 DNA duplex. (B) 1D imino proton spectra of the CG6 DNA duplex at 35 C upon titration with hZbDAI. The P/N ratios are shown to
the left of each spectrum. (C) The fraction of CG6 Z-DNA (fZ) induced by hZbDAI (closed circle) and hZaADAR1 (open square) [13] at 35 C as a function of the P/N ratio. The lines
indicate the simulated fZ of the CG6 duplexes induced by hZbDAI (black) and hZaADAR1 (gray).
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DNA, which is subsequently stabilized by binding of a second hZaA-
DAR1 molecule. It was also reported that yabZaE3L, which binds Z-
DNA similarly to hZaADAR1, can efﬁciently change the 6-bp B-form
helix to left-handed Z-DNA via an active-mono B–Z transition path-
way [14]. The hZbDAI protein has a similar structure to other Z-DNA
binding proteins but demonstrates a distinct Z-DNA binding. The
detailed molecular mechanism of the B–Z transition of a DNA du-
plex induced by hZbDAI has not been reported.
Here, we performed NMR experiments on complexes of hZbDAI
and the CG6 DNA duplex with a variety of the protein-to-DNA mo-
lar ratios (P/N ratios); our goal was to assess the molecular mech-
anism of the B–Z transition of the CG6 duplex that is induced by
the hZbDAI. Comparison of these results to previous studies with
the hZaADAR1–CG6 complex [13] can produce valuable insights into
the distinct molecular mechanism of the DNA duplex B–Z transi-
tion induced by hZbDAI.2. Materials and methods
2.1. Sample preparation
The DNA oligomer d(CGCGCG) was purchased from M-biotech
Inc. (Seoul, Korea), puriﬁed by reverse-phase HPLC, and desalted
using a Sephadex G-25 gel ﬁltration column. To produce 15N-la-
beled or 13C, 15N-labeled hZbDAI, BL21(DE3) bacteria were grown
in M9 medium that contained 1 g/L 15NH4Cl and/or 2 g/L 13C-glu-
cose. The expression and puriﬁcation of 15N-labeled or 13C, 15N-la-
beled hZbDAI were described in a previous report [12]. The DNA and
protein samples were dissolved in a 90% H2O/10% D2O NMR buffer
containing 10 mM sodium phosphate (pH 8.0) and 100 mM NaCl.
2.2. NMR experiments
All of the 1H, 13C, and 15N NMR experiments were performed on
a Varian 900 MHz spectrometer (KIST, Seoul) equipped with a coldprobe. The 31P NMR experiments were performed on a Varian
500 MHz NMR spectrometer (Varian Technologies, Seoul). All three
dimensional (3D) triple resonance experiments and 2D NOESY
experiments were carried out with 1 mM 13C, 15N-labeled free
hZbDAI or protein complexed with CG6 at a P/N ratio of 2. The 1H
and 31P NMR spectra were obtained for complex samples that were
prepared by addition of 15N-labeled hZbDAI to 0.2 mMDNA samples
in NMR buffer at the indicated P/N ratio. 1D NMR data were pro-
cessed with either the VNMR J (Varian, Palo Alto) or FELIX2004
(Accelrys, San Diego) software, while the 2D and 3D data were pro-
cessed with the NMRPIPE software [15] and analyzed with the
Sparky software [16]. External 2-2-dimethyl-2-silapentane-5-sul-
fonate was used for the 1H and 15N references, and sodium phos-
phate was used as the 31P reference.
1H, 13C, and 15N backbone resonance assignments for free hZbDAI
and the CG6–hZbDAI complexes were obtained from the following
3D experiments: CACB(CO)NH, HNCACB, HNCO, NOESY-1H/15N-
HSQC, and TOCSY-1H/15N-HSQC. The imino proton resonance
assignments for free CG6 and the CG6 hZDAI complex was obtained
from 2D watergate NOESY and 13C, 15N-ﬁltered NOESY spectra,
respectively. The average chemical shift differences of the amide
proton and nitrogen resonances between the free hZbDAI and
hZbDAI in complex with CG6 were calculated by using Eq. (1):
Ddavg ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðDdHÞ2 þ ðDdN=5:88Þ2
q
ð1Þ
where DdH and DdN are the chemical shift differences of the amide
proton and nitrogen resonances, respectively.
2.3. Hydrogen exchange rate measurement
Hydrogen exchange rate constants of the imino protons of free
CG6 and the CG6–hZbDAI complexes at various P/N ratios were
determined by a water magnetization transfer experiment [17–
21]. The intensities of each imino proton were measured with 20
different delay times. The kex for the imino protons were deter-
mined by ﬁtting the data to Eq. (2):
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I0
¼ 2 kexðR1w  R1aÞ ðe
R1at  eR1wt Þ ð2Þ
where I0 and I(t) are the peak intensities of the imino proton in the
water magnetization transfer experiments at times zero and t,
respectively, and R1a and R1w are the apparent longitudinal relaxa-
tion rate constants for the imino proton and water, respectively;
these parameters were measured with semi-selective inversion
recovery 1D NMR experiments [17,18].
2.4. Diffusion coefﬁcient measurement
The diffusion coefﬁcients of free CG6 and CG6–hZbDAI com-
plexes at various P/N ratios were determined by DOSY experiment
with 15–30 different amplitudes of a magnetic ﬁeld gradient. The
diffusion coefﬁcients (D) of the molecules were determined by ﬁt-
ting the data to Eq. (3):
Iðg2Þ
I0
¼ c2d2g2D D d
3
 
ð3Þ
where I0 and I(g2) are the peak intensities in the DOSY experiments
at a gradient amplitude of zero and g, respectively, c is the gyro-
magnetic ratio for protons, d is duration of the magnetic ﬁeld gradi-
ent, and D is the spacing between two gradients.A
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3.1. Titration of CG6 with hZbDAI
The imino proton resonance assignment for the free CG6 DNA
duplex was previously reported [13] and the CG6–hZbDAI complex
resonances were assigned by comparing the NOESY spectra with
the CG6–hZaADAR1 complex. Fig. 1B shows the change in the imino
proton spectra of CG6 upon titration with hZbDAI. The new reso-
nances (G2z and G4z) are indicative of the Z-form helix generation
in the CG6 induced by hZbDAI. The imino proton spectra exhibited a
slow exchange of NMR resonances, indicating that the CG6–hZbDAI
complex is tightly bound. In Fig. 1B, the A125 amide proton reso-
nances showed two separated signals, which is due to one-bond
coupling (JNH 94 Hz) between the 1H and 15N atoms in the 15N-la-
beled hZbDAI samples. The different transverse relaxation rates of
these two components, which are caused by the dipole-dipole cou-
pling and chemical shift anisotropy at high magnetic ﬁelds (such as
900 MHz), induced a different line-broadening of these two signals
without 15N decoupling during the acquisition time. Fig. 1C shows
the fraction of Z-DNA (fZ) within the total DNA population which
was determined from the integration values of the Z-form (G2z
and G4z) and B-form (G2b and G4b) resonances as a function of
the P/N ratio. Only approximately 62% of the CG6 duplexes wereB
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of 6.4 (Fig. 1C); in contrast, a majority of the CG6 sequences were
converted to Z-DNA by hZaADAR1 at a P/N ratio P2.0 [13]. This re-
sult indicates that hZbDAI has a signiﬁcantly lower B–Z transition
activity than hZaADAR1.
Interestingly, the G4z resonance in the CG6–hZbDAI complex
exhibits a signiﬁcant downﬁeld shift compared to the CG6–hZaA-
DAR1 complex and the Z-form CG6 duplex induced by 3 M NaCl
(Fig. 2A). In addition, the 31P NMR spectrum of the CG6–hZbDAI
complex (P/N = 5.6) is clearly different from that of the CG6–hZaA-
DAR1 complex (Fig. 2B). These NMR data indicate that, in solution,
the base pair geometry and backbone conformation of the
hZbDAI–induced Z-DNA helix are signiﬁcantly different from those
of the Z-DNA–hZaADAR1 complex.
3.2. Chemical shift change in ZbDAI upon CG6 binding
A superposition of the 1H/15N-HSQC spectra for free hZbDAI and
hZbDAI bound to CG6 (P/N ratio = 1/4.4) at 35 C is shown in Fig. 3A.
The amide backbone resonance assignment for free hZbDAI was
determined by heteronuclear NMR experiments such as HNCACB,
CACB(CO)NH, HNCA, HNCO, NOESY-1H/15N-HSQC and TOC-10 9 8
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DNA/protein molar ratio (inverse of the P/N ratio) increases up to
4.4. Interestingly, residues D143, L144, H151, and Y165 showed
signiﬁcant movement of the amide signals upon binding to CG6
(Fig. 3B). These results indicate that binding of hZbDAI to CG6 is a
fast exchange process, in contrast to the results from the imino
proton spectra (see Fig. 1B). This fast exchange behavior was con-
ﬁrmed by titration of CG6 with hZbDAI, where all of the amide sig-
nals were in their normal positions in free hZbDAI as the P/N ratio
was increased up to 6.4 (Supplementary data Fig. S8).
The weighted average 1H/15N backbone chemical shift changes
were determined for each residue by using Eq. (1) (Fig. 3C). Resi-
dues in the a3 helix underwent chemical shift changes of 0.02–
0.11 ppm upon binding to CG6 (Fig. 3C). In addition, signiﬁcant
chemical shift changes were observed in the b2 and b3 regions
(Fig. 3C). However, the residues in the loop regions between b2
and b3 showed very small chemical shift changes (<0.02 ppm) un-
like hZaADAR1 (Fig. 3C). The A137 and K138 residues in free hZbDAI
have very weak or no amide signals at 35 C, although these signals
appeared and became stronger as the DNA/protein molar ratio was
increased (Supplementary data Fig. S7). These results show that7
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776 H.-E. Kim et al. / FEBS Letters 585 (2011) 772–778complex formation between hZbDAI and CG6 alter the rigid amide
backbones of the A137 and K138 residues, which exhibit unusual
dynamic properties in the free hZbDAI form.
3.3. Exchange rate constants of the CG6 imino protons
The hydrogen exchange rate constants (kex) of the imino pro-
tons in the CG6–hZbDAI complex at various P/N ratios were deter-
mined at 35 C by water magnetization transfer [17–21]. The
imino protons of the CG6–hZbDAI complex at various P/N ratios
show large differences in peak intensities as a function of delay
time after water inversion (Fig. 4A). For example, the G2b imino
proton is rapidly exchanged and shows negative peaks at short de-
lay times (50 ms in Fig. 4A); in contrast, the G4z resonance, which
is the slowest exchanging imino proton, exhibits little or no change
in the peak intensity below 100 ms delay times (Fig. 4A).
Fig. 4B shows the kex data of the imino protons in the CG6–
hZbDAI complex as a function of the P/N ratio; the data were ob-
tained by curve ﬁtting the intensity data to Eq. (2). Recently, it
has been reported that the exchange rate constants for the B-form
imino protons of the d(CGTACG)2–hZaADAR1 and d(CACGTG)2–
hZaADAR1 complexes showed signiﬁcant changes as the P/N ratio
increased (see Fig. 4B) [22]. However, no signiﬁcant changes in
the kex data for the G2b (22.0–23.7 s1) and G4b (9.6–10.7 s1) imi-
no protons were observed, even though the P/N ratio was increased
to 6.4 (Fig. 4B). This means that the exchange of the G2b and G4b13.013.0
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the determination of kex from the water magnetization transfer data.imino protons in the B-form DNA is not affected by complex forma-
tion with hZbDAI contrast to hZaADAR1. The G2z (kex 6 9.5 s1) and
G4z (kex 6 4.5 s1) imino protons of the Z-form were more slowly
exchanged comapred to the B-form DNA (Fig. 4C). When the P/N
ratio P4.0, the kex values for the G2z (4.6–5.1 s1) and G4z (2.1–
2.8 s1) remained constant (Fig. 4C). In the case of the CG6–yab-
ZaE3L complex, the kex values for the G2z and G4z imino protons
decreased from 11.8 to 4.6 s1 and from 6.4 to 1.7 s1, respectively,
as the P/N ratio increased to 2.6 (see Fig. 4D) [14]. The similar result
was also observed in the the kex data for the G2z imino proton of
the CG6–hZaADAR1 complex [13]. These data indicate that the inter-
mediary states in the B-DNA and Z-DNA conformation of the CG6–
hZbDAI complex during B–Z transition are different from those of
CG6–yabZaE3L and CG6–hZaADAR1 complexes. The kex for the G4z
imino proton in the CG6–hZbDAI complex was signiﬁcantly higher
compared to that of the CG6–hZaADAR1 complex (0.8 s1) [13], indi-
cating that the C3G4 base pairs in the CG6–hZbDAI complex is less
stable than the CG6–hZaADAR1 complex.
3.4. Diffusion coefﬁcients of the hZbDAI–CG6 complexes
The diffusion coefﬁcient for free CG6, as well as the B-form and
Z-form CG6 in the CG6–hZbDAI complex at various P/N ratios, was
determined by DOSY at 35 C. The diffusion coefﬁcient for free
CG6, which was determined from diffusion decay of the G4b reso-
nance, is (3.8 ± 0.1)  106 cm2/s (Fig. 5). Interestingly, the diffu-13.0
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CG6–hZbDAI complex at various P/N ratios is similar to the value for
free CG6 (Fig. 5), which indicates that the molecular weight of the
B-form CG6 molecule is not affected by hZbDAI binding. The diffu-
sion coefﬁcient for the Z-form DNA in the CG6–hZbDAI complex
ranged from (1.1–1.4)  106 cm2/s and had large errors at various
P/N ratios (Fig. 5). These data indicate that the Z-form of CG6
exhibits one major complex state [perhaps Z-DNA–(hZbDAI)2], even
at various P/N ratios.
4. Discussion
The crystal structure of the CG6–hZaADAR1 complex [9] revealed
that the side-chains of K169, R174, and K170 residues in hZaADAR1
formed hydrogen bonds with three phosphate anions of the
C3pG4pC5pG6 steps, respectively, in one strand of the CG6 duplex
(Fig. 2C). The f (C30-O30-P-O50) and a (O30-P-O50-C50) torsion angles
had gauche+/gauche+ orientation at the CpG step and gauche/
trans orientation at the GpC step (Fig. 2C), which causes the back-
bone to follow a zigzag path [9]. For the CG6–hZbDAI complex [12],BPB
B
hZβB DAI
hZαADAR1
kBZ
kZB
kon
koff
kon
koff
A active-mon
active-d
Fig. 6. The hypothesized pathway for the B–Z transition of the 6-bp DNA duplex induced
DNA duplex, respectively, and P indicates the Z-DNA binding proteins.K138 and R142 of hZbDAI play roles in Z-DNA recognition similar to
K169 and R174 of hZaADAR1, respectively (Fig. 2C). Surprisingly, the
phosphate anion at the C5pG6 step does not form a hydrogen bond
with this hZbDAI molecule, although this anion does form a bond
with the side-chain of the K1380 residue in the second hZbDAI mol-
ecule in the (hZbDAI)2–CG6 complex (Fig. 2C). This interaction
causes gauche+/trans+ orientation of the f and a torsion angles at
the G4pC5 step, as opposed to the gauche/trans orientation in
normal Z-DNA (Fig. 2C); this result is consistent with the clear dif-
ferences in the 31P NMR spectra between the CG6–hZbDAI and CG6–
hZaADAR1 complexes (Fig. 2B). In addition, this unusual phosphate
backbone conformation at the G4pC5 step in the CG6–hZbDAI com-
plex disrupts the base-stacking interactions between the G4 and
C5 bases (Fig. 2D). This structural feature can explain the unusual
downﬁeld shift (see Fig. 2A) and large kex value of the G4z imino
proton resonance in the CG6–hZbDAI complex compared to the
CG6–hZaADAR1 complex.
Recent NMR studies with the CG6–hZaADAR1 complex [13] have
suggested that an active-mono mechanism causes the B–Z transi-
tion of a 6-bp DNA duplex (Fig. 6A); according to this proposed
mechanism: (i) one molecule of hZaADAR1 (denoted as P) binds di-
rectly to the B-form DNA (denoted as B); (ii) the B–Z transition of
DNA in the complex follows; and (iii) a stable ZP2 complex (the Z-
form DNA denoted as Z) is produced by binding of another P. The
ZP complex, intermediary structure, was conﬁrmed by a change in
the kex value for the G2z imino proton as well as with gel-ﬁtration
chromatography proﬁles for the complex [13]. Recently, NMR stud-
ies of complexes between hZaADAR1 and non-CG-repeat DNA du-
plexes have shown that the kex values for the B-form imino
protons of the d(CACGTG)2 and d(CGTACG)2 are signiﬁcantly al-
tered by complex formation with hZaADAR1 (Fig. 4B) [22]. This re-
sult strongly suggests that the BP complex also exists as
intermediate structure during the B–Z transition of DNA duplexes
that is induced by hZaADAR1.
In contrast, there was no signiﬁcant change in the kex values for
the G2b and G4b imino protons in the CG6–hZbDAI complex, even
when the P/N ratio was increased to 6.4 (Fig. 4B). The diffusion
coefﬁcient of the B-form DNA in the CG6–hZbDAI complex was also
not affected by addition of hZbDAI (Fig. 5). Similarly, the Z-DNA imi-
no protons in the CG6–hZbDAI complexes showed no changes in the
hydrogen exchange rate constants (Fig. 4C) or diffusion coefﬁcient
(Fig. 5) as a function of the P/N ratio. These data indicate that the B
and ZP2 states are the only major B-DNA and Z-DNA conformationZP ZP2
BP2 ZP2
kBZ
kZB
kBZ kZB+ : slow
kBZ kZB+ : slow
kon koff+ : fast
o
i
by (A) ZaADAR1 or (B) hZbDAI binding. B and Z indicate the B-form and Z-form of the
778 H.-E. Kim et al. / FEBS Letters 585 (2011) 772–778states, respectively; other intermediate states, such as BP and ZP,
do not exist during B–Z transition. The absence of the DNA–hZbDAI
complex state (BP or ZP) is conﬁrmed by the electrophoretic
mobility shift assay (EMSA) data in which only two DNA bands,
free CG6 and (hZbDAI)2–bound CG6, are observed (Supplementay
data Fig. S9). In addition, the gel-ﬁltration chomatography proﬁle
could not support the existence of the BP and/or ZP states during
B–Z transition (Supplementary data Fig. S10). Based on these re-
sults, we propose an active-di B–Z transition mechanism (Fig. 6B)
where two molecules of hZbDAI (denoted as P) initially bind di-
rectly to the B-form DNA and form the BP2 complex; subsequently,
there is a conformational change from BP2 to ZP2. When the CG6
substrate is titrated with hZaADAR1 and hZbDAI, the changes in the
imino proton resonances exhibited a slow exchange (see Fig. 1
and Ref. [13]), indicating that kBZ + kZB 45 s1 (0.05 ppm at
900 MHz) for both complexes (see Fig. 6). However, the fast ex-
change behavior of the amide signals in the CG6–hZbDAI complex
indicates that kon + koff 90 s1 (0.1 ppm at 900 MHz) (see
Fig. 6B). These rate constants suggest that unlike hZaADAR1, hZbDAI
converts the DNA form via an active-di mechanistic pathway,
where the proteins can rapidly associate/dissociate with the DNA
substrate but slowly induce B–Z transition of the DNA duplexes
(Fig. 6B).
5. Conclusion
Our study shows that hZbDAI exhibits a distinct binding mecha-
nism for Z-DNA in solution; this binding mechanism, which is sup-
ported by the crystal structure of the hZbDAI–CG6 complex, is
different than hZaADAR1/Z-DNA binding. Based on this study, we
hypothesize that hZbDAI binds to Z-DNA via an active-di B–Z transi-
tion mechanism, where two hZbDAI proteins bind to B-DNA to form
a hZbDAI–B-DNA complex; the B-DNA is subsequently converted to
left-handed Z-DNA. This novel mechanism is different than the
previously reported mechanism for hZaADAR1 binding to Z-DNA.
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